In accordance with Recommendation 30b of the International Code of Nomenclature of Bacteria, which calls for the development of minimal standards for describing new species, we propose minimal standards for description of new taxa in the order Hulobucteriules. The minimal standards include information on the following characteristics: cell morphology; motility; pigmentation; the requirement for salt to prevent cell lysis; optimum NaCl and MgCl, concentrations for growth and range of salt concentrations enabling growth; temperature and pH ranges for growth; anaerobic growth in the presence of nitrate or arginine; acid production from a range of carbohydrates; ability to grow on single carbon sources; catalase and oxidase tests; hydrolysis of starch, casein, and Tween 80; sensitivity to different antibiotics; and polar lipids. The placement of a new taxon should be consistent with phylogeny, which is usually based on 16s rRNA nucleotide sequence information, and with DNA-DNA hybridization data in the case of descriptions of new species. This proposal has been endorsed by the members of the Subcommittee on the Taxonomy of Hulobucteriuceue of the International Committee on Systematic Bacteriology.
In accordance with Recommendation 30b of the International Code of Nomenclature of Bacteria (21), which calls for the development of minimal standards for describing new species, we propose minimal standards for descriptions of new taxa of aerobic halophilic archaea (order Halobacteriales).
General principles. The purpose of this article is to provide microbiologists involved in the taxonomy of the aerobic halophilic archaea (order Halobacteriales, family Halobacteriaceae; also called halobacteria below) a framework for studying them. Adherence to the suggested minimum standards below should help stabilize the taxonomy of the Halobacteriales. With the consent and support of the Subcommittee on the Taxonomy of Halobacteriaceae we have adopted a polyphasic view of halophile taxonomy as suggested by Murray et al. (26) . We recommend that all future taxonomic publications on the Halobacteriales should contain data on phenetic, chemical, and molecular properties. We thus recognize that modern natural classification requires as complete a data set as possible, including phenotypic and genotypic information. Table 1 provides a list of the presently recognized genera and species in the Halobacteriales. The current classification is based on the following three kinds of data: (i) phenotypic data, such as cell morphology, growth properties, etc. (34); (ii) chemical data, especially the patterns of polar lipids present in the membranes (34, 36) (differences in polar lipid patterns have been particularly important at the genus level); and (iii) 16s rRNA sequence information and DNA-DNA hybridization data. During the last few years a fairly complete database of 16s rRNA sequences of the type strains of the species in the Halobacteriales has become available and has enabled the con-struction of a phylogenetic tree (17, 24) . This tree is supported by DNA-DNA hybridization data and by relationships derived from numerical taxonomy distance matrices based on phenotypic data.
The subcommittee proposes that placement of a new taxon should preferentially be consistent with phylogeny, which is usually based on nucleic acid sequences. The phenetic differences within the group are relatively small because of the relatively conserved halobacterial phenotype. The sequences represented in rRNAs provide the only resource so far recognized for both discerning and testing phylogenetic associations that has the appropriate qualities of universality, genetic stability, and conservation of structure (26). However, differences in evolutionary rates in various groups of organisms prevent the use of phylogenetic parameters alone in delineating taxa. Therefore, the integrated use of phylogenetic and phenotypic characteristics, known as polyphasic taxonomy is necessary for the delineation of taxa at all levels from kingdom to genus. When workers are discriminating between closely related species of the same genus, DNA-DNA hybridization should be the method of choice, in accordance with the proposed molecular definition of species (26).
It is preferable to base descriptions of new species on characteristics of as many isolates as possible; these isolates should be obtained from different locations, and a diverse selection of them should be preserved as reference strains. For longtime preservation storage in liquid nitrogen, freeze-drying, or storage at -80°C on ceramic or plastic beads is recommended. Preservation methods for halobacteria have been described by Tindall (34) . One strain of each species, preferably the strain that most closely resembles the hypothetical median strain, should be designated the type strain. According to Rule 18a of the Bacteriologial Code (21), all newly described bacterial taxa must be represented by a type culture deposited in a permanent culture collection.
In addition, descriptions of new taxa of Halobacteriules The subcommittee proposes the characters described below and listed in Table 2 as minimum features that should be contained in descriptions of new halobacterial taxa. However, we recognize that description of extraordinary microorganisms may require flexibility in the application of the tests described below. The proposal below specifies the minimal requirement for tests and does not in any way limit the extent of investigations beyond this.
Morphology and growth characteristics. should be based on the following principles: (i) type strains of related taxa should be included for comparison, and it is recommended that in addition at least one species from each of the recognized genera (Table 1) be used for comparative purposes in studies of new isolates; (ii) the characters that differentiate each new taxon from all previously described species should be adequately described, and it is recommended that the new taxon should be able to be identified and differentiated by methods available outside specialized laboratories; (iii) the methods used must be given in detail, or references to readily available publications must be given; and (iv) the description of the phenotypic characteristics of other bacteria, greatly affected by growth conditions. Consequently, we suggest that conditions that support maximal growth rates for each strain be established before phenotypic testing is begun and that tests be performed with cells grown under optimal conditions. No single medium supports growth of all representatives of the Halobacteriales. Media for the growth of Natronobacterium and Natronococcus species are characterized by their high pH values and low divalent ion concentrations.
Compilations of recipes for media used to grow halobacteria are found in references 20 and 34. For the preparation of solidified media agar may be added at a concentration of 15 to 20 g/liter.
Guidelines for phenotypic characterization of halobacteria can be found in many papers (3, 5, 36, 37) . Colonial morphology should be described by using standard microbiological criteria, with special emphasis on pigmentation, diameter, colonial elevation, consistency, and opacity. These characters should be described for cultures grown at the optimum temperature, pH, and salt concentration, and the growth medium and incubation conditions should be specified. However, colonial pigmentation and morphology should be studied preferably on media containing different salt concentrations.
Cell morphology should be examined by phase-contrast microscopy of exponentially growing liquid cultures, and the growth conditions should be specified, as cell morphology often depends on the composition of the medium, especially its magnesium content. Microscopic observations should be made by using freshly prepared wet mounts, since most non-saltcontaining bacteriological stains cause deformation or lysis of the cells and wet mounts are most appropriate for the assessment of cell motility. The halobacteria produce an astonishing array of cellular sizes and shapes, described as rods, cocci, discs, squares, or box-shaped cells. Many members of the Halobacteriales exhibit extreme pleomorphism, but strains should not be described as pleomorphic until cells grown in the presence of a wide range of salinities and magnesium concentrations have been examined. Gas vesicles appear as phasebright inclusions inside the cells. However, as production of gas vesicles is a character that is easily lost in culture, no great weight should be placed on the presence or absence of gas vesicles. Light microscopic observations may be supplemented by electron microscopy (thin sections and/or negatively stained preparations). Electron microscopic examination of negatively stained preparations (e.g., preparations stained with 0.5% uranyl acetate in 25% NaCl for 30 s) may supply information on flagellar arrangement in motile strains.
Gram staining should be performed by using the variation described by Dussault (4), in which air-dried slides are fixed and simultaneously desalted in 2% acetic acid for 5 min and then dried and stained, using standard procedures. Most halobacteria tested thus far stain gram negative; some exceptions are Halococcus spp. (gram positive) and Natronococcus spp. (gram variable).
Many members of the Halobacteriales require high salt concentrations for structural stability. Most noncoccoid forms lyse in the presence of NaCl concentrations below lo%, but halococci may be very resistant to lysis or may not lyse at all. The salt requirement for maintaining stability of the cell envelope should be determined by suspending cells in decreasing concentrations of a salt solution with the salt composition of the optimal culture medium. Lysis of cells can be detected by a loss of turbidity of the suspension and/or by microscopic examination. Certain Haloferax and Haloarcula species require relatively high divalent cation concentrations in addition to a high overall salinity to maintain their native pleomorphic shape, and lowering the magnesium concentration to values below 50 mM may lead to the immediate formation of spheroplasts, even in the presence of high NaCl concentrations (2). Thus, the specific requirement for divalent cations to maintain native cell morphology should be examined in addition to the overall salt requirement.
For each strain the optimal NaCl and MgCl, concentrations, pH, and growth temperature should be determined, together with the ranges that permit growth. It is recommended that the optimal NaCl concentration be determined first, and subsequent tests for other growth parameters should be performed at the optimal NaCl concentration. Growth experiments should be performed in liquid media, and good aeration should be provided since oxygen solubility decreases with increasing salt concentration. Growth rates may be quantitated by determining the increase in culture turbidity. The effects of different NaCl concentrations on culture growth should be examined in the presence of magnesium at the concentration in the optimal growth medium and at the optimum temperature. Because the optimum NaCl concentration for growth of certain strains and the range of NaCl concentrations tolerated is temperature dependent, it is desirable to test for the effect of NaCl at different temperatures. The effects of different magnesium concentrations should be assessed at the optimal NaCl concentration. Growth experiments at high magnesium concentrations are not required for alkaliphilic strains because of the limited solubility of magnesium at high pH values. To examine the effect of pH on growth, the medium with the optimal salt concentration and composition should be supplemented with suitable buffers to maintain stable pH values.
Nutrition. All members of the Halobacteriales are aerobes, but many are able to grow anaerobically by using alternative electron acceptors, such as nitrate (23), dimethyl sulfoxide (DMSO), or trimethylamine N-oxide (TMAO) (30), or by fermenting L-arginine (11). We propose that tests for anaerobic growth on nitrate and arginine should be included in the list of minimal standards for descriptions of members of the Halobacteriales and recommend that the use of DMSO and TMAO as electron acceptors should also be tested. Growth with nitrate as the electron acceptor is tested as described by Mancinelli and Hochstein (23) , and formation of nitrite from nitrate can be assessed colorimetrically. To test for anaerobic growth on arginine, DMSO, or TMAO, test tubes are filled to the top with the appropriate growth medium supplemented with 2.5 to 5 g of L-arginine-HC1, DMSO, or TMAO per liter, inoculated, and closed. It is recommended that a suitable buffer be included to prevent drastic changes in pH. Tubes are incubated in the dark at the optimal growth temperature. After 5 to 7 days the turbidity of the cultures is compared with the turbidity obtained without an added electron acceptor or arginine (30).
The range of substrates used as carbon and energy sources should be assessed in media that have concentrations of complex carbon sources such as yeast extract that are reduced to 0.1 @liter or less (35). A buffer should be included in the medium, because metabolism of sugars may result in the formation of acids. It is recommended that 0.5 g of NH,Cl (NaNO, for the alkaliphiles) per liter and 0.05 g of KH,PO, per liter be added to avoid depletion of nitrogen and phosphorus. The substrates assayed may include compounds such as glucose, mannose, galactose, fructose, D-ribose, D-xylose, maltose, sucrose, lactose, starch, glycerol, mannitol, sorbitol, acetate, pyruvate, DL-lactate, succinate, L-malate, fumarate, citr a te, glycine , L-alanine , L-arg inine , L-asp art a t e , L-glu t ama te, L-lysine, and others. Production of acid from the above-mentioned carbohydrates and sugar alcohols is tested in unbuffered growth medium supplemented with 0.5 g of a substrate per liter. Phenol red may be used as an indicator to detect acid production, or the pH of the cultures may be measured with a glass electrode at the end of the incubation period and compared with the initial pH and the pH of a control tube without added substrate.
Certain members of the Halobacteriales have been reported to grow on defined media with a single carbon and energy source. Growth on single carbon sources should be tested by using either liquid medium or medium solidified with highly purified agar with the salt composition of the optimal growth medium and supplemented with NH,Cl or NaNO, as required, KH,PO,, the compound to be tested at a concentration of 1%, and buffer. To avoid false-positive results due to carryover of nutrients from the inoculum, a strain is considered as growing on a defined carbon source only if growth is maintained after continued serial transfer.
Miscellaneous biochemical tests. The following tests are included in the minimal standards: tests for catalase, oxidase, formation of indole, and hydrolysis of starch, gelatin, casein, and Tween 80. In addition, we recommend that phosphatase, urease, p-galactosidase, and lysine and ornithine decarboxylase activities be tested. Biochemical testing of halophiles generally does not require special media or techniques except that the medium must contain the optimal ionic content. Therefore, standard biochemical test methods may be used (3, 5, 14, 37) . Hydrolysis of Tween 80 (esterase activity) and hydrolysis of gelatin (protease activity) can be tested simultaneously by using the procedure adapted for halobacteria by Gutierrez and Gonzalez (7) . Positive and negative controls should be included when these tests are performed.
Sensitivity to antimicrobial agents. Information on sensitivity to the following antibiotics and other antibacterial agents should be included in descriptions of new taxa of halobacteria: novobiocin, bacitracin, anisomycin, aphidicolin, erythromycin, penicillin, ampicillin, rifampin, chloramphenicol, and neomycin. Ideally, the substances to be tested should be added to liquid media at concentrations of 25 to 50 pg/ml. Alternatively, tests may be performed by spreading bacterial suspensions on plates containing the appropriate growth medium and applying disks impregnated with the antimicrobial agents. It is recommended that additional compounds, such as the quinolone derivatives norfloxacin and ciprofloxacin be tested. Information on the sensitivity of different halophilic archaea to antibiotics has been given by Tindall(34) and by other authors (1, 13, 31).
Lipids, cellular proteins, and structure of the cell envelope. Lipid analysis has been particularly useful in the characterization of different taxa of the Halobacteriales, and any description of a new species should include a characterization of polar lipids, with special emphasis on the pattern of the glycolipids present and the presence or absence of the diether derivative of phosphatidylglycerosulfate. The lipids most commonly found in the halobacteria consist of phytanyl or sesterterpanyl ether analogs of phosphatidylglycerol, phosphatidylglycerophosphate, and phosphatidylglycerosulfate. The types of glycolipids present are characteristic for the different genera (with the exception of the genus Halorubrum), and phosphatidylglycerosulfate is absent in representatives of the genera Haloferax and Halobaculum (6, 17, 18, 24, 29, 34) . There is little evidence that the polar lipid composition of halobacteria changes according to the growth conditions, with one possible exception: a Halococcus strain was found to contain an unidentified triglycoside diglyceride as the major glycolipid when it was grown at 34"C, but a diglycoside diglyceride was found in major amounts when it was grown at 20°C (15).
Polar lipid patterns are easily assessed by one-or two-dimensional thin-layer chromatography (28, 36) . Some strains have C,,C,, and C,,C2, core lipids. This can usually be seen by the phosphatidylglycerol separating into two spots and can be confirmed by thin-layer chromatography after acid methanolysis by using a double development procedure (32).
Certain halobacteria produce intracellular granules of polyp-hydroxyalkanoate (PHA) as a storage polymer when they are grown under appropriate growth conditions (22). The polymer can be detected microscopically by fixing smears with 2% acetic acid for 5 min, drying, staining with 0.3% Sudan black in 70% ethanol for 10 min, washing with xylene, and counterstaining with saffranin. A quantitative colorimetric assay to determine the PHA contents of halobacteria has been described as well (22). The presence or absence of PHA has not been included in most species descriptions thus far, and because production of the polymer may be highly dependent on growth conditions, we recommend that the test for PHA be optional .
Electrophoresis of cellular proteins has been used to differentiate between taxa of the Halobacteriales (12). We recommend that this procedure be included for descriptions of taxa below the genus level.
The cell envelope of noncoccoid halobacteria consists of glycoprotein subunits, while the halococci lack this component and possess a complex polysaccharide cell wall instead. We recommend that the presence of glycoprotein in the cell envelope be tested for by performing polyacrylamine gel electrophoresis of isolated cell envelopes, followed by specific staining Nucleic acid characterization. Descriptions of new members of the Halobacteriales should contain information on the G + C contents of their DNAs and the nucleotide sequences of their 16s rRNAs. DNA base composition may be determined by any of the commonly used techniques, such as ultracentrifugation in a CsCl gradient, thermal denaturation, or high-performance liquid chromatography of nucleotides after hydrolysis. The method used should be included in the description. When feasible, CsCl equilibrium centrifugation is the method of choice, because it allows the detection of any additional DNA component that may be present (satellite DNA, megaplasmids) with a G + C content different from that of the chromosomal DNA.
Many halophilic archaea contain plasmids, and it is recommended that information on the presence and sizes of plasmids be included. However, plasmids are often easily lost, and thus no great importance can be attached to their presence or absence. The detection of megaplasmids may require special methods (8).
Information on the 16s rRNA nucleotide sequence is considered essential to determine the phylogenetic position of new isolates. A fairly complete database of 16s rRNA sequences is now available for halobacteria (17, 19, 24, 29) , and phylogenetic distances based on 16s rRNA sequences show excellent correlation with phenetic and chemical data. The presence of more than one gene for 16s rRNA may cause sequence heterogeneity within a strain (19, 27) and may require determination of all sequences. Determination of 16s rRNA sequences may be performed by direct sequencing of enzymatically amplified DNA with specific oligonucleotide primers or by reverse transcription of purified 16s rRNA followed by sequencing of the DNA transcript. Sequences should be deposited in a database, the database records, as well as publications, must include an unequivocal statement of the (25).
identity of the source strain, as well as methodological data, and the accession number must be included in the species description.
The Ad Hoc Committee on Reconciliation of Approaches to Bacterial Systematics agreed on a bacterial species definition supported by the results of DNA-DNA hybridization studies (38) . Such studies make use of the renaturation properties of DNA strands that are separated by heating. Closely related DNA strands are able to reanneal and form thermostable heteroduplexes, whereas distantly related DNAs yield low percentages of homology. DNA homology studies can be used to assess relationships only within narrow ranges of variation as homology values fall to quite low levels (less than 30%) for species that are only moderately different phenotypically. According to the Ad Hoc Committee on Reconciliation of Approaches to Bacterial Systematics, the criteria that should be used for species definition are 70 to 100% DNA relatedness and differences in the denaturation temperatures of homo-and heteroduplexes of less than 5°C (38) . Hybridization levels equal to or greater than 70% may be considered indicative of species levels of similarity (9, 10).
DNA-DNA hybridization has not been widely used in studies on halobacteria, and different methods, including S1 nuclease treatment (33) and competition methods (9, 10, 17), were employed in those few studies in which the technique was included. References 16 and 37 supply additional information on the methods available. In agreement with the presently accepted criteria for the delineation of species, we consider DNA-DNA hybridization studies to be essential when new species are described, especially for comparisons of closely related taxa. In view of the fact that workers have had little experience in the past in determining the method of choice, the subcommittee does not recommend a method at the present time. It is essential that the method used be described in each study.
